We resampled plots from a repeated measures study implemented on the Hoosier National Forest (HNF) in southern Indiana in 1988 to investigate the influence of site and seedling physical attributes on height growth and establishment success of oak species (Quercus spp.) reproduction in stands regenerated by the clearcut method. Before harvest, an array of physical attributes were documented for individual stems of advance reproduction. Across all surveys, the same characteristics were remeasured in years 6, 12, and 23 for all reproduction types (advance reproduction, stump sprouts, and new seedlings). In order to characterize topo-edaphic conditions, soil samples were collected and analyzed in 2011, and slope aspect, slope percent, and slope position were measured in the field. Random Forest (RF) analysis was used to determine the best physical and environmental predictors of height growth for oak species and their competitors in developing stands. Overall, advance reproduction of oak species fared poorly following harvests. Sprout-origin oak stems proved stronger competitors in developing stands, although their abundance relative to competing species was quite low. Advance and sprout origin maple (Acer spp.) stems, along with new seedlings of black cherry (Prunus serotina Ehrh.) and yellow-poplar (Liriodendron tulipifera L.), quickly overtopped oak advance reproduction and established dominance in the developing canopy. The height of stems during prior sampling periods was the best overall predictor of stem height in subsequent sampling periods. Species was also an important predictor of stem height. Comparatively, environmental variables were poor predictors of height growth of individual stems throughout the study, although more mesic aspects, greater cation exchange capacity, and greater soil magnesium saturation were associated with greater height of non-sprout origin stems from species groups other than oak or hickory in year 6. Our results suggest that overstory removal has driven stand demographics towards species favored by infrequent large-scale disturbance events such as clearcutting. Without post-harvest treatments to control competitors, oak regeneration on more mesic sites is unlikely to recruit into developing stands.
Introduction
During the late 20th century, silvicultural clearcutting was used extensively across the hardwood forests of the eastern United States (Roach and Gingrich, 1968; Sander and Clark, 1971; Smith, 1994; Walker, 1999) . A major goal of this management technique was to regenerate new stands of shade-intolerant and midtolerant species, typically aspen (Populus spp.) and oak (Quercus spp.) species, respectively. The open conditions created by clearcutting were thought to favor the establishment and persistence of oak reproduction over shade-tolerant competitors because oak reproduction rarely persists or grows successfully in the understory of mature hardwood forests due to shading from overstory and subcanopy cover (Dey, 2002) . Furthermore, clearcutting was favored because it was considered economically advantageous due to high yields and ease of implementation (Clark and Watt, 1971; Sander and Clark, 1971) .
Subsequent research has shown that the past widespread use of silvicultural clearcutting failed to perpetuate oak dominance, http://dx.doi.org/10.1016/j.foreco.2016.01.005 0378-1127/Ó 2016 Elsevier B.V. All rights reserved.
especially on productive sites (George and Fischer, 1991; Jenkins and Parker, 1998) . This is cause for concern considering the economic and ecological importance of oak species within the Central Hardwood Region (CHR). For example, oak species comprise 28% of all growing stock in Indiana and are considered the most important timber species in the state (Bratkovich et al., 2007) . In recent years, the desire to maintain oak ecosystems has intensified because oak is recognized as indispensable to addressing non-timber management objectives including maintaining understory plant diversity, sustaining wildlife populations, and providing habitat and food for neotropical migratory birds (Ellison et al., 2005; McShea et al., 2007; Groninger and Long, 2008) .
Researchers have hypothesized that the success of oak species in post-harvest, even-aged stands largely depends on the abundance of advance reproduction that accumulates in the understory prior to harvest, as well as sprouts from stumps of harvested overstory trees (Sander and Graney, 1992; Dey, 2002; Weigel and Peng, 2002) . The success of this advance reproduction may depend on the height and diameter of these stems prior to release (Belli et al., 1999) , which has been related to the potential of the oak root systems to support vigorous growth after release and allow oak stems to successfully compete with early-seral species (Sander, 1971; Sander and Graney, 1992; Brose et al., 2012) .
Research has also shown that upland oak species are better able to establish and presist on less productive sites because they are better adapted to more nutrient-poor or xeric site conditions than their primary competitors (Larsen and Johnson, 1998; Kabrick et al., 2008 Kabrick et al., , 2014 . Under such conditions, oak species are afforded a competitive advantage due to the rapid development of a large taproot, the ability to physiologically function under high water stress, flexibility in maintaining high root:shoot ratios through recurrent shoot dieback, and large genetic variability in drought tolerance within species (Abrams, 1990; Pallardy and Rhoads, 1993; Parker and Dey, 2008; Johnson et al., 2009) . Therefore, site quality, in part, determines the abundance of advance oak reproduction that exists prior to harvest, with a greater abundance of oak species reproduction accumulating as site quality decreases (Kabrick et al., 2014) .
To examine the competitive relationships between oak and other species, chronosequence studies have been widely used to represent different stages of post-harvest stand development (Hilt, 1985; Jenkins and Parker, 1998; Brashears et al., 2004; Morrissey et al., 2008 Morrissey et al., , 2010 . Generally, the substitution of space for time in chronosequence studies allows the generation of hypotheses related to long-term vegetation dynamics (Bakker et al., 1996) , but actually testing these hypotheses depends upon long-term data (Pickett, 1989) . In the case of oak species establishment, long-term data that tracks the fate of individual stems of advance reproduction and stump sprouts under a range of site conditions are critical to testing hypotheses related to the post-harvest establishment and survival of oak species under different site conditions. In controlled experiments, the physical attributes of individual stems have been shown to influence stem growth and survival under different light regimes (Dey and Parker, 1997) . Understanding how growth varies through time in response to competition and environmental conditions provides valuable insight into the optimal timing of post-harvest treatments to release oak stems in developing stands. However, while studies have examined the effects of landtype on regeneration dynamics (Kabrick et al., 2008) , and how physical characteristics of underplanted seedlings influence survival (Dey et al., 2009) , we found no long-term studies that employed repeated measures to investigate the influence of both seedling attributes and the physical environment on height growth of multiple types of natural reproduction in post-harvest stands.
In 1988, a long-term, repeated measure study was implemented across six hardwood forest sites on the Hoosier National Forest (HNF) in southern Indiana to examine the competitive ability and development of individual stems of oak and competing species after clearcut harvesting. During a 23-year sampling period , morphological/physical attributes of advance reproduction were measured across six study sites. We also collected additional measurements of all stump sprouts and new seedlings, as well as a suite of physiographic and edaphic variables. Based upon these examinations, we address three primary questions and associated hypotheses in this study:
1. How well does advance reproduction of oak species compete against other species through time during early stages of stand development? We hypothesize that while advance reproduction of oak species will remain a component of developing stands, its relative density will decrease through time due to competition with other species. 2. How well do pre-harvest physical attributes of advance reproduction indicate the dominance of individual stems in postharvest stands? We hypothesize that for any resample (years 6, 12, and 23), height and root collar diameter during the previous sample will be the strongest predictor of oak reproduction height regardless of origin type. 3. How well do site conditions predict the growth of advance reproduction in post-harvest stands? We hypothesize that while secondary to the physical characteristics of seedlings, environmental variables associated with low water and nutrient availability will be significant predictors of oak reproduction height during stand development. While poor site conditions reduce the growth of all tree species, including oaks, a greater reduction in the growth of mesophytic species results in reduced competition for oak species.
Methods

Study sites
Our six study sites were located within two adjoining natural regions in southern Indiana; the Highland Rim Natural Region and Shawnee Hills Natural Region (Homoya et al., 1985;  Table 1 ). Both natural regions are unglaciated with terrain that varies from steep slopes and narrow ridges in the Highland Rim to broad ridgetops in the Shawnee Hills. Soils in both regions are acid silt loams derived from sandstone, siltstone, and loess. Uplands are dominated by oak species including chestnut oak (Quercus prinus L.) in the Highland Rim and black oak (Q. velutina Lam.), white oak (Q. alba L.), and scarlet oak (Q. coccinea Muenchh.) in the Shawnee Hills. Hickory species (Carya) are present as a secondary canopy component in association with oak species. Mesic ravines and slopes harbor species such as American beech (Fagus grandifolia Ehrh.), northern red oak (Q. rubra L.), sugar maple (Acer saccharum Marsh.), white ash (Fraxinus americana L.), and black walnut (Juglans nigra L.).
Plot establishment
In 1988, six mature oak-hickory stands ranging in size from 4.5 to 12.1 ha were harvested on the HNF (Table 1 ). All stands were clearcut for merchantable timber between the months of April and August. After removal of merchantable timber, all remaining trees P5.1 cm dbh (diameter at breast height) were cut and left on-site.; only trees <5.1 cm remained standing on each site.
Prior to harvest, overstory stand data were collected from sixtyone 809 m 2 circular plots across the six stands. Between April 1
and June 22, 1988, six to 14 permanent overstory plots were located and sampled in each stand (Table 2 ) using a stratified random design based upon topographic position. Plots were situated within each stand to encompass as many aspect-slope combinations as possible ( Table 3 for detailed descriptions of measurements). The same individual advance reproduction stems were remeasured in 1994 (year 6), 2000 (year 12), and 2011 (year 23). New seedlings and postharvest stump sprouts were mapped and measured beginning in year 6. Post-harvest measurements for all permanent stems included origin (advance reproduction vs. stump sprout vs. postharvest seedling), form, total height, dbh, number of live stems, and crown class. When multiple stems were growing from a single root system, only the tallest stem was selected for measurements. Harvest induced damage to advance reproduction stems was documented and advance reproduction was reclassified into two origin classes: (1) undamaged during harvest or (2) damaged (cut or broken) and successfully resprouted following harvest (see Table 3 for a full description of origins).
Data preparation
Summary statistics calculated for each overstory plot included density (stems ha À1 ) and basal area (m 2 ha
À1
) by species. Soil Homoya et al. (1985) . b Preharvest total across all species; mean ± 1 standard error. c Dominant species, in order, based upon mean stand basal area (m 2 ha
) from Swaim (2013) . samples were analyzed for cation exchange capacity (meq/100 g), phosphorus content (ppm), potassium saturation (%), calcium saturation (%), magnesium saturation (%), hydrogen saturation (%), organic matter (%), and pH by A&L Analytical Laboratories in Memphis, Tennessee. Carbon (%) and nitrogen (%) were determined using an ECS 4010 CHNSO Analyzer (Costech Analytical Technologies, Inc., Valencia, CA) located in the Forest Ecology, Silviculture, and Soils Laboratory, Purdue University, West Lafayette, Indiana. Aspect was transformed to a linear scale ranging from 0 to 2, with zero value at southwest [transformed aspect = cos(45-aspect) + 1; Beers et al., 1966] . Transformed aspects were then grouped into four classes ranging from most xeric (class 1) to most mesic (class3; Table 3 ). Slope position was assessed as a relative proportion in relation to a ridge summit or drainage (e.g., ridge/ summit = 100, mid slope = 50, drainage = 0). When possible, site index class (Carmean, 1971; Carmean et al., 1989) was determined in 1988 by measuring total heights and ages of between 2 and 6 dominant and/or codominant black oak trees within each 809 m 2 overstory plot. When there were too few or no black oaks on a plot, scarlet, white, or chestnut oak were substituted.
For ease of analysis, and to ensure sampling uniformity across stands, less common species were grouped with closely related species, or with species possessing similar silvical characteristics. For Random Forest analysis (described below), the white oak group (WO) included white oak, chestnut oak, chinkapin oak (Q. muehlenbergii Engelm.), and post oak (Q. stellata Wangenh.), although our Carmean, 1971; Carmean et al., 1989. plots contained few individuals of these species other than white oak (n = 2 for post oak, n = 2 for chinkapin oak 
Stand density analysis
We used Tukey HSD multiple comparison tests (a = 0.05) to examine changes in the stem density of species groups through time at 6, 12 and 23 years following harvest. Stems were grouped into three height classes for analysis; <1.2 m, 1.2-2.4 m, and >2.4 m. For year 0, we included only advance reproduction (seedling and sprout origin), whereas for all other years we included only established individuals P0.3 m height. For this analysis, yellow-poplar and black cherry were combined with the COM group created for Random Forest analysis (''Other Commercial" in Table 5 ) and red maple, sugar maple and American beech were combined into a single group (''Maple and Beech" in Table 5 ).
Random Forest analysis
Because our dataset included a large number of categorical and continuous variables (Table 3) , we used Random Forests (Breiman, 2001; Liaw and Wiener, 2002) , an ensemble classifier that employs multiple decision trees. This nonparametric analysis technique requires few assumptions about data distributions and relationships between variables (Zhang and Singer, 2010) . This and similar Monte Carlo randomization techniques have become popular in ecological studies because of their high classification accuracy, novel methods of determining variable importance, ability to model complex interactions between predictor variables, and flexibility to perform several types of statistical analysis, including regression (Cutler et al., 2007) .
We used RF to model four response variables: (1) height of all individual reproduction types in year 6, (2) height of individual advance reproduction in year 6, (3) height of all individual reproduction in year 12, and (4) height of all individual reproduction in year 23 and (a detailed list of response and predictor variables is provided in Table 3 ; a description of error statistics is provided in Table 4 ). We analyzed advance reproduction separately in year 6 because only advance reproduction would have a height prior to harvest (H0); therefore, origin could serve as a proxy for height in year 6. We also examined advance reproduction at year 6 separately to determine if any site variables were associated with regeneration in pre-harvest stands.
All data were analyzed using the R statistical computing program, version 2.15.0 (R Development Core Team, 2012); RF analyses were implemented using the packages randomForest (Liaw and Wiener, 2002) and party (Hothorn et al., 2006a (Hothorn et al., , 2006b Strobl et al., 2008 Strobl et al., , 2007 .
Results
Stand density
Prior to harvest in 1988, densities of white and red oak group advance reproduction were lower than those of maple-beech, other commercial, and non-commercial species groups (Table 5 ). The density of hickory species was lowest overall (586 ± 126 stems ha À1 ), while density of non-commercial species was the highest of any group (6332 ± 857 stems ha À1 ). Most advance reproduction was small (<1.2 m tall), ranging from 75% (maple-beech) to 96% (red oak) of stems in a given species group (Table 5) . In absolute terms, the maple-beech (607 stems ha À1 ) and non-commercial groups (418 stems ha À1 ) comprised most of the larger stems (>2.4 m), combining for roughly 84% of advance reproduction in that size class. Six years after harvest the white oak, red oak, and hickory groups continued to occur in very low densities relative to the maplebeech, other-commercial, and non-commercial species groups. Maple-beech was the third most abundant group (1761 ± 317 stems ha À1 ), behind other-commercial (3005 ± 475 stems ha
À1
) and non-commercial (3825 ± 341 stems ha À1 ) groups (Table 5 ). The non-commercial, other-commercial, and maplebeech groups continued to dominate the taller height classes (collectively 94% of stems 1.2-2.4 m tall and 96% of stems >2.4 m tall). The white oak was slightly more abundant than the red oak group in larger size classes in both absolute and relative terms, but both groups were still predominately in the shortest height class (<1.2 m; Table 5 ).
As stands entered stem exclusion and began to differentiate and self-thin, densities of all species declined in year 12 and again in year 23. The red oak, white oak, and hickory groups saw the least precipitous decline of all species (collectively-30% from year 6 to year 23), with a majority of remaining stems progressing into the largest size class (>2.4 m; Table 5 ). While non-commercial stems still dominated the stand in year 12 (2196 ± 341 stems ha
; 36% of all stems), their density declined 60% by year 23, most notably in the largest size class (72% reduction; Table 5 ). By year 23, maple-beech and other commercial species comprised a majority of the stand (60%) and of the largest stems (65%; Table 5 ). 
RF models
Our RF analyses explained between 21% (advance reproduction, year 6) and 81% (all reproduction types, year 23; Table 4 ) of variance. The percent of variance explained increased with year since harvest ( Table 4) . Mean of squared residuals for all reproduction increased from 2.30 in year 6 to 5.55 in year 23.
Year 6 height of all reproduction
The most important predictors for height of all reproduction in year 6 were biological variables origin (Or; i.e., new seedlings, advance reproduction and stump sprouts) and species class ( Fig. 1A and B) . There was little difference in the importance of other predictor variables. The percent saturation of several ions (N, Mg, H, C) were the most important environmental predictors, but all were much less significant than origin and species class ( Fig. 1A and B) . In year 6, reproduction of oak, hickory, and American beech from stump sprouts (n = 21, Fig. 2A , Node 16) were taller when compared to that from advance reproduction of the same species class (n = 277, Node 17). The tallest groups in year 6 were stump sprouts of red maple and yellow-poplar (n = 21, Fig 2A, Node 4) . No new oak, hickory, or beech seedlings were documented in year 6. Mg saturation (%Mg) >13% and CEC >5.5 were associated with greater height of non-stump sprout reproduction (Fig 2A, nodes 6 and 8) .
Year 6 height of reproduction originating as advance reproduction
The most important predictors for the height of advance reproduction in post-harvest year 6 were the height of advance reproduction in year 0 (H0), i.e., before harvest, and species class (SP; Fig. 3A ). These predictor variables were %3 times more important than the next greatest predictor in the model, ground diameter class (GD). There was little differentiation in importance of predictor variable other than height in year 0, species class, and ground diameter class. The most important environmental predictor variable was percent slope, followed by potassium cation saturation (%K) and aspect (Acode), although all environmental and edaphic variables displayed little importance relative to species class and height in year 0 (Fig. 3A) . Stems of red oak species, white oak species, hickory species, red maple, and American beech that were 60.6 m height before harvest were associated with the shortest overall heights in year 6 (n = 117, Fig. 3B , Node 7). The tallest reproduction in year six were stems that were >2.2 m height prior to harvest (n = 57, Fig. 3B , Node 13). The shortest black cherry and sugar maple advance reproduction in year 0 (60.6 m; n = 24, Fig. 3B , Node 4) were still taller by year 6 than even the tallest oak stems that originated as advance reproduction (n = 57, Fig. 3B , Node 9).
Year 12 height of all reproduction
Height in year 6 (H6) proved the strongest predictor for height of stems in year 12 (H12; Fig. 1C and D) . Other important biological predictors included species class, crown class in year 6 (CC6), and origin. Environmental variables appeared to have little relationship to the height of stems in year 12 (Fig. 1C and D) . Oak, hickory, black cherry, and yellow-poplar stems that were the tallest groups in year 6 remained in the tallest groups in year 12, although samples were smaller (n = 27, Fig. 2B , Nodes 17 and 18). Yellow-poplar from the second tallest height class in year 6 (64.7 m) appeared to be highly competitive in year 12 (node 11).
Year 23 height of all reproduction
Similar to year 12 models, only biological predictors proved significant when predicting the year 23 heights of all reproduction ( Fig. 1E and F) . Height in year 12 was the best overall predictor, followed by crown class year 12 (CC12), height in year 6, and species class. As in previous years, environmental variables were not strongly related to height in year 23 (Fig. 1E and F) . The tallest individuals in year 23 were also the tallest individuals in year 12 (nodes 14 and 15; Fig. 2C ).
Discussion
Advance reproduction
Due to the lack of large oak advance reproduction, clearcut stands in southern Indiana have shifted away from the oakdominated forests that existed before harvest. In our study, most of the advance reproduction of oak species was <1.2 m tall prior to harvest (Table 5 ). This pool of small seedlings remained the shortest of all reproduction present in year 6. A small number of oak stems with heights >1.2 m did exist before clearcutting and Table 5 Species composition and size distribution (mean ± standard error; per ha) of study sites at harvest (0 years) and 6, 12 and 23 years following harvest. Year 0 includes only advance reproduction (seedlings and sprouts), whereas all other years include only established individuals 0.3 m or larger. Differences of total abundance within year were tested with Tukey HSD multiple comparison tests; letters denote differences with p < 0.05 among the species groups. Height classes are defined as S = <1.2 m, M = 1.2-2.4 m, and L = >2.4 m. Other commercial includes yellow-poplar, black cherry, and the COM group created for Random Forest analysis. Fig. 1 . Variable importance plots from RF model predicting heights of all reproduction types in year 6 (A and B), year 12 (C and D), and year 23 (E and F). %IncMSE = average increase in the mean square error when data for that variable are permuted while all others are left unchanged (Thompson and Spies, 2009) . IncNodePurity = average increase in node purity from splitting on the variable; node purity is measured by residual sum of squares (Liaw and Wiener, 2002) . The best predictors are those that produce the purest nodes. Predictor variables are described in Table 3 . Fig. 2 . Regression trees for individual tree height in year 6 (A), year 12 (B) and year 23 (C) using the five most important predictor variables as determined by random forests analysis. A Monte Carlo randomization test was used to assess p-values at each node; the length of individual lines represents strength of split. n = number of stems in category, y = mean height of category. Predictor variables are described in Table 3. appeared to be competing for codominant positions in subsequent surveys. However, as we hypothesized, these larger stems were few in number compared to those of other species in the same canopy positions. Without surface fire or surrogate disturbances to limit competition and promote root and subsequent height growth of oak seedlings, oak advance reproduction was unable to successfully compete against larger advance stems of competing species (Brose et al., 2001) . In partial support of our hypothesis, pre-harvest ground diameter class (GD) was the third most important predictor of advance Table 3 . %IncMSE = average increase in the mean square error when data for that variable are permuted while all others are left unchanged (Thompson and Spies, 2009) . IncNodePurity = average increase in node purity from splitting on the variable; node purity is measured by residual sum of squares (Liaw and Wiener, 2002) . The best predictors are those that produce the purest nodes. (B) Regression tree for individual advance reproduction height in year 6 using the five most important predictor variables as determined by random forests analysis. A Monte Carlo randomization test was used to assess p-values at each node; the length of individual lines represents strength of split. n = number of stems in category, y = mean height of category. Predictor variables are described in Table 3. reproduction height in year 6 (Fig 3A) , although its predictive value was much less than that of initial height and species. In planted red oak seedlings, Dey and Parker (1997) found that stem diameter near the root color provided an integrated measure of seedling growth potential because of its strong relationship with both shoot and root characteristics associated with better field performance. In southeastern Ohio, Sander (1971) found that the most desirable ground diameter at time of clearcut harvest for oak advance reproduction was 1.3-2.5 cm; when damaged during harvest, sprouts from these larger stems averaged 1.4 m height by year 3 and successfully competed for codominant canopy positions. However, smaller damaged stems were unable to produce competitive sprouts in subsequent stands, likely due to their low biomass of roots prior to damage (Dey and Parker, 1997) . In our study, 89% of the advance reproduction we tracked had root collar diameters less than 1.3 cm, below the minimum diameter recommended by Sander (1971) . Whether advance reproduction was damaged or not during harvest had little to no importance in predicting height of stems 6 years later (Fig. 3A) , suggesting that both damaged and undamaged stems lacked competitive ability in new stands.
The tallest stems of reproduction in year 6 were black cherry, sugar maple, red maple, and yellow-poplar ( Fig. 2A) . The relatively high number of maple advance reproduction in larger size classes before harvest allowed the genus to remain in dominant positions during subsequent stand development (Table 5 ). The shadeintolerance of black cherry and yellow-poplar seedlings suggests successful advance reproduction from those species germinated during the spring before harvest and benefitted from the light conditions created by complete overstory removal. Other studies across the region have also observed dominance of these species in post-harvest stands (Standiford and Fischer, 1980; Jenkins and Parker, 1998; Lhotka, 2013) . For instance, in oak-hickorydominated stands that were clearcut in southern Illinois during the 1980s, Groninger and Long (2008) found that maple, yellow-poplar, and black cherry were the most abundant species 15-26 years after harvest.
Other regeneration types
In year 6, the tallest stems from advance reproduction were black cherry, sugar maple, red maple, and yellow-poplar ( Fig. 2A) . Advance reproduction of red and white oak group species, along with hickory species and American beech, were found in the smallest height class in year 6. Some oak, hickory, and beech stump sprouts were competitive in year 6 (mean height = 4 m), but the sample was small (21 out of 799 total stems measured, Fig. 2A) .
The low number of sprout origin oaks documented in the current study was likely due to the advanced age and large size of oaks within pre-harvest stands. The low disturbance intensities and long rotations that currently characterize management in southern Indiana may have profound effects on oak regeneration since vegetative reproduction in the form of stump sprouting in oaks declines as rootstocks continue to age and stems grow in size, thus becoming less likely to produce stump sprouts that are competitive (Groninger and Long, 2008; Johnson et al., 2009; Weigel and Peng, 2002; Weigel et al., 2011) . No new oak seedlings were documented in 6 year old stands, likely due to the relatively poor seed dispersal within the genus and the lack of older, seed producing oaks left within harvest units.
The tallest stems of all reproduction in year 6 stands were from yellow-poplar and red maple stump sprouts. Repeated measure studies from the central and southern Appalachian Mountains have shown similar results; stems of black cherry, yellow-poplar, red maple and similar species originating from stump sprouts grow quickly (Keyser and Zarnoch, 2014) and remain dominant decades after harvest, outcompeting white, northern red, and chestnut oak (Wendel, 1975; Beck and Hooper, 1986) . While studies have shown that early seral species such as yellow-poplar and black cherry were common in pre-harvest overstories (Wendel, 1975; Beck and Hooper, 1986) , the shade tolerance of red maple allowed it to establish in the pre-harvest subcanopy in densities much higher than those of other species, providing numerous sprout origin red maple stems in regenerating stands (Wendel, 1975; Gould et al., 2003) .
As we hypothesized, by year 12 and 23 the heights of stems in the previous sampling periods were by far the strongest predictors of current height. Essentially, the height growth winners in year 23 were already among the tallest stems 6 years after harvest and remained in these positions through the end of the study. This result corroborates research demonstrating that intermediate and codominant oaks should be released with pre-commercial thinning 5-15 years post-harvest in order to recruit oak species into the overstory Ward, 2009) . Because prior height and species were the strongest predictors of future height, site preparatory burns that limit competition and promote larger advance oak reproduction could offer an effective management strategy before overstory removal (Arthur et al., 1998) . As observed with reproduction in year 6, basal diameter of advance reproduction in previous samples was a weak predictor of future height.
Environmental factors
Contrary to our hypothesis, site factors contributed little to the prediction of height growth in post-harvest stands relative to biological factors. However, in year 6 black cherry, sugar maple, and yellow-poplar displayed greater height on richer soils (high %Mg and CEC) located on north and east facing slopes (aspect code; Fig. 2A ). Both advance and post-harvest seedlings of these species were able to establish codominant positions 6 years after harvest, unlike oak advance reproduction, which were largely relegated to intermediate canopy positions.
The rapid growth of black cherry, sugar maple, and yellowpoplar on productive sites suggests that they have some affinity for topographic and edaphic characteristics associated with more mesic conditions. Even though these species do establish on drier, more nutrient-limited sites (Hilt, 1985; Jenkins and Parker, 1998) , the vigor of post-harvest stems decreased with decreasing site quality, likely limiting their competitive ability. Morrissey et al. (2008) showed that slightly older clearcut stands (cut before 1988) in our study region maintained higher densities of oak in post-harvest conditions. This was likely due to an exceptional drought that occurred from 1986 to 1988, which likely limited growth and caused mortality of seedlings from drought sensitive species such as yellow-poplar and black cherry (Morrissey et al., 2008) . Seedling in this study developed in relatively drought-free conditions, therefore drought sensitive species remained highly competitive in young stands.
Conclusions
As observed in other forest systems (Bailey and Covington, 2002; Guyette et al., 2007) , our study sites experienced historic harvesting and subsequent management practices that led to a simplified disturbance regime that drove composition and structure towards dense stands of shade-tolerant species. As observed in our study and many others (e.g., Beck and Hooper, 1986; George and Fischer, 1991; Jenkins and Parker, 1998; Groninger and Long, 2008) , this shift in composition and structure has resulted in the oak recruitment failure that currently plagues much of the CHR. In our study, large oak reproduction was rare in preharvest stands, allowing more aggressive early seral species, such as yellow-poplar, and large advance reproduction of shade-tolerant species, like sugar maple, to dominate new stands. Initial height was the best predictor of future height growth in all species, further highlighting the poor competitive status of small oak reproduction. Oak stump sprouts remained competitive in developing stands, but too few of these stems existed to successfully regenerate stands, likely due to the advanced age and wide dispersion of overstory stems in pre-harvest stands.
In our study, the physical environment, including slope position and aspect, were poor predictors of oak height growth in young, clearcut stands. The poor predictive power of site variables suggests that competition effects masked any direct site effects in this study. The productivity of southern Indiana forests, and lack of fire or surrogate disturbance to control mesophytic competition, has allowed developing stands to shift away from the oak-dominance that existed prior to harvest.
Because the tallest stems in 6-year-old stands were the tallest stems in years 12 and 23, stands should be cleaned as early as possible to release oak reproduction from competition. Alternatives to silvicultural clearcutting should also be considered, such as a twoor three-stage shelterwood combined with pre-harvest prescribed burns. These treatments would likely promote the large oak advance reproduction that is needed to successfully reproduce oak ecosystems in southern Indiana.
